Introduction
Zirconium tetrachloride is an important material with a variety of industrial applications. It is used in the Kroll process as a precursor to metallic zirconium (Lustman & Kerze, 1955) , as a catalyst in organic synthesis pathways (Bora, 2003; Li et al., 2006; Sharma et al., 2003) , and for chemical-vapor deposition (Randich, 1979) . It is also encountered in nuclear applications for the recycling of zirconium cladding using a chloride volatility process (Bohe et al., 1996; Collins et al., 2012; Min Ku et al., 2013) .
Zirconium tetrachloride can be synthesized from the direct reaction between Zr metal and Cl 2 gas at high temperatures (>623 K) (Collins et al., 2012) , or from the treatment of ZrO 2 with CCl 4 or Cl 2 gas in the presence of carbon (Hermann, 1844) . Zirconium tetrachloride is a very reactive material, it is hygroscopic and reacts rapidly with air to form zirconium oxychloride hydrates; therefore, special care is needed to prepare and handle this material. In view of its air sensitivity, few solid-state chemistry studies on ZrCl 4 have been reported and the preparation and handling of ZrCl 4 single crystals suitable for X-ray diffraction is a challenging task. In the solid state, ZrCl 4 has been characterized by vibrational spectroscopy (Salyulev & Vovkotrub, 2013; Weidlein et al., 1968 ) and single-crystal X-ray diffraction (SCXRD).
There has been only one SCXRD study on ZrCl 4 , which dates from the 1970s (Krebs, 1969 (Krebs, , 1970 . It was shown that ZrCl 4 crystallizes in the monoclinic space group P2/c and adopts a zigzag chain structure consisting of edge-sharing ISSN 2053 ISSN -2296 # 2018 International Union of Crystallography ZrCl 6 octahedra (Krebs, 1970) . The method used to prepare ZrCl 4 involved the reaction of ZrO 2 with Cl 2 + CCl 4 in the temperature range 773-973 K; but the synthetic procedure (mass, reaction time, ramping temperature rate, annealing time) was not reported. It was mentioned that the SCXRD measurement was performed at 293 K, but the uncertainty on the temperature was not reported. Because, ZrCl 4 will be produced from the reaction of Zr metal and Cl 2 in zirconium cladding reprocessing, the investigation of the structure of ZrCl 4 prepared from Zr metal is of importance; it will be of interest to compare the structure of ZrCl 4 obtained from ZrO 2 and that from Zr metal. Table 1 Experimental details.
For all determinations, the chemical formula and M r were ZrCl 4 and 233.02, respectively, the crystal system and space group were orthorhombic Pca2 1 , the diffractometer used was a Bruker D8 QUEST, and a numerical absorption correction was applied (SADABS; Krause et al., 2015) . Considering the strategic importance of ZrCl 4 , the redetermination of its crystallographic structure at various temperatures is also needed. Obtaining accurate structural data on ZrCl 4 in various ranges of temperature will help theoreticians prove the accuracy of their theoretical model. In this study, ZrCl 4 was prepared from the reaction of Zr metal and Cl 2 gas in a sealed tube and its structure investigated by SCXRD at 100, 150, 200, 250, and 300 K.
Experimental
Zirconium metal (>99% purity) and a lecture bottle of chlorine gas (>99.5% purity) were obtained from Sigma-Aldrich and used as received. The clamshell furnace was a Lindberg Blue M Mini-Mite equipped with a temperature control.
Synthesis and crystallization
Zirconium tetrachloride was synthesized from the reaction of Zr metal and chlorine gas in a sealed glass tube. The method is similar to that reported for the preparation of technetium tetrachloride (Johnstone et al., 2012) . In a typical preparation, zirconium metal (20 mg, 0.22 mmol) was placed in a Pyrex tube (internal diameter = 8 mm and length = 30 cm) connected to a Schlenk line and flamed under vacuum. After backfilling with chlorine gas, the end of the tube was cooled in liquid nitrogen and $0.65 mmol of Cl 2 were condensed (Zr:Cl $1:6). The tube was flame sealed (length = 25 cm after sealing) and placed in a clamshell furnace. The temperature was increased to 573 K (at a rate of 10 K min À1 ) and held for 6 h at this temperature. After cooling to room temperature, a nonvolatile material (probably zirconium oxide) was observed at the end of the tube containing the metal, while a white solid (ZrCl 4 ) was present at the cold end. After the reaction, the end of the tube containing the volatile compound was placed in liquid nitrogen and the tube was sealed at 18 cm, thus removing the zirconium oxide. The tube containing ZrCl 4 was wrapped in aluminium foil and the entire tube was placed in the clamshell furnace. The temperature was increased to 428 K (at a rate of 0.3 K min À1 ) and held for 96 h at this temperature. After cooling to room temperature (at a rate of 0.3 K min À1 ), white prismatic crystals were present on the surface near the middle of the tube, and these were used for the SCXRD study.
Sample handling
The sealed tube containing the ZrCl 4 crystals was broken using a glass cutter. The colorless prismatic crystals were immediately placed in fluorinated oil (DuPont Krytox GPL106). In the absence of oil, decomposition of the crystal was observed immediately (evolution of HCl gas). In the fluorinated oil, the crystals are stable at room temperature for at least 4 h. A suitable crystal was selected and mounted under the fluorinated oil on a MiTeGen Micromount. The time between the opening of the Pyrex tube and the mounting of the ZrCl 4 crystal on the diffractometer was 20 min.
Refinement
The crystal data and refinement quality factors for ZrCl 4 from 100 to 300 K are presented in Table 1 , together with the data collection and structure refinement details. The apparent space group for the structure at all five temperatures was suggested to be orthorhombic Pca2 1 by XPREP (Bruker, 2016) , which differs from that previously described, i.e. monoclinic P2/c (Krebs, 1970) (Table 2 ). The residual electron density in each structure is around 2 e Å À3 and is located between the Zr1 and Cl4 atoms. Therefore, it cannot be assigned to any atoms, such as oxygen from water or chlorine/ hydrogen from hydrogen chloride.
Results and discussion
The effect of temperature on the ZrCl 4 structural parameters was evaluated between 100 and 300 K. Analyses of the Table 2 Unit-cell parameters (Å ), volume (Å 3 ), and selected bond lengths (Å ) and angles ( ) in ZrCl 4 obtained here and by Krebs (1970) . Cl(bri1) , Cl(bri2) and Cl(ter) represent the bridging and terminal Cl ligands.
Present work
Krebs (1970) Space group
300 293 a (Å ) 6.262 (9) 6.361 (4) (2) Cl1-Zr1-Cl3 100.6 (2) 100.7 (1) (3) structural parameters (Table 1) indicate that there is no phase transformation in this domain of temperature. A linear increase of the unit-cell parameters and volume are observed when moving from 100 to 300 K. In the chain (Fig. 1 ), the effect of temperature is primarily observed on the Zr1Á Á ÁZr1 ii and Zr1-Cl(bri1,2) (bri denotes bridging) distances, while the Zr1-Cl(ter) (ter is terminal) distances (Table 3 ) and the angles in the ZrCl 6 octahedron remain almost unchanged (Table 4) . When moving from 100 to 300 K, the Zr1Á Á ÁZr1 ii and the Zr1-Cl(bri1, 2) distances increase by $0.015 and $0.006 Å , respectively. The increase of the Zr1Á Á ÁZr1 ii separation is accompanied by a slight decrease of the average Cl4-Zr-Cl2 ii angle (i.e. 80.06 [7] at 100 K and 79.8 [2] at 300 K). The shortest inter-chain distance increases with temperature [i.e. Cl1Á Á ÁCl3* = 3.630 (3) Å at 100 K and 3.687 (9) Å at 300 K], which results in weaker van der Waals interactions at elevated temperatures.
The reaction of Zr metal with excess Cl 2 in a sealed tube leads to ZrCl 4 . The space group and structural parameters determined here differ from those of the ZrCl 4 sample prepared previously from ZrO 2 and Cl 2 + CCl 4 . The synthetic methods and thermal treatments used might be the origin of the structural differences. In the temperature range 100-300 K, minor changes were observed in the ZrCl 4 structure, i.e. elongation of distances ($0.5%) and an increase of the unitcell volume ($1%) with temperature occurred, while the values of angles in the ZrCl 6 octahedron remained almost unchanged. Zirconium tetrachloride crystallizes with a structure related to TcCl 4 , HfCl 4 , and PtCl 4 ( Table 5 ). We note that PtCl 4 has not been studied by SCXRD previously (Pilbrow, 1972) . Due to the catalytic properties of PtCl 4 , determination of its structure by SCXRD is of importance (Michalkiewicz & Kosowski, 2007) . It will also provide a better understanding of the structural trends in tetrachlorides of transition metals. Symmetry codes: (i) x À 1 2 , Ày + 1, z; (ii) x + 1 2 , Ày + 1, z. Table 5 Selected bond lengths (Å ) in MCl 4 , where M = Zr (present work), Hf (Niewa & Jacobs, 1995) , and Tc (Elder & Penfold, 1966) .
ClÁ Á ÁCl is the shortest distance between two chains. Cl(bri1), Cl (bri2) For all structures, data collection: BIS (Bruker, 2016) ; cell refinement: APEX3 (Bruker, 2016) ; data reduction: SAINT (Bruker, 2015) ; program(s) used to solve structure: SHELXT2014 (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015b); molecular graphics: shelXle (Hübschle et al., 2011) ; software used to prepare material for publication: APEX3 (Bruker, 2016) .
Zirconium tetrachloride (SMB_ZrCl4_b_100K)

Crystal data
ZrCl 4 M r = 233.02 Orthorhombic, Pca2 1 a = 6.2199 (9) 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Data collections were carried out on a Bruker APEXII system equipped with graphite-monochromated Mo Kα radiation (0.71073 Å). A nitrogen-flow Oxford Cryostream-700 was used to control the temperature. Data collections were carried out in the order 100, 150, 200, 250, and 300 K on the same crystal. Data reduction and cell refinement were performed using SAINT and the APEX3 suite (Bruker, 2016) . The structure was solved with SHELXT (Sheldrick, 2015a) and an absorption correction was performed with SADABS (Sheldrick, 1999) . Structure refinements against F 2 were carried out using the SHELXL refinement package in APEX3 (Bruker, 2016) . The apparent space group for the structure at all five temperatures was suggested to be orthorhombic Pca2 1 by XPREP, which differs from that previously described (i.e. monoclinic, P2/c (Krebs, 1970) . The refinement yielded R factors varying from 0.0345 at 100 K to 0.0534 at 300 K. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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Acta Cryst. (2018). C74, 307-311 Refinement. Refined as a 2-component twin. Data collections were carried out on a Bruker APEXII system equipped with graphite-monochromated Mo Kα radiation (0.71073 Å). A nitrogen-flow Oxford Cryostream-700 was used to control the temperature. Data collections were carried out in the order 100, 150, 200, 250, and 300 K on the same crystal. Data reduction and cell refinement were performed using SAINT and the APEX3 suite (Bruker, 2016) . The structure was solved with SHELXT (Sheldrick, 2015a) and an absorption correction was performed with SADABS (Sheldrick, 1999) . Structure refinements against F 2 were carried out using the SHELXL refinement package in APEX3 (Bruker, 2016) . The apparent space group for the structure at all five temperatures was suggested to be orthorhombic Pca2 1 by XPREP, which differs from that previously described (i.e. monoclinic, P2/c (Krebs, 1970) . The refinement yielded R factors varying from 0.0345 at 100 K to 0.0534 at 300 K.
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Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Data collections were carried out on a Bruker APEXII system equipped with graphite-monochromated Mo Kα radiation (0.71073 Å). A nitrogen-flow Oxford Cryostream-700 was used to control the temperature. Data collections were carried out in the order 100, 150, 200, 250, and 300 K on the same crystal. Data reduction and cell refinement were performed using SAINT and the APEX3 suite (Bruker, 2016) . The structure was solved with SHELXT (Sheldrick, 2015a) and an absorption correction was performed with SADABS (Sheldrick, 1999) . Structure refinements against F 2 were carried out using the SHELXL refinement package in APEX3 (Bruker, 2016) . The apparent space group for the structure at all five temperatures was suggested to be orthorhombic Pca2 1 by XPREP, which differs from that previously described (i.e. monoclinic, P2/c (Krebs, 1970) . The refinement yielded R factors varying from 0.0345 at 100 K to 0.0534 at 300 K.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Data collections were carried out on a Bruker APEXII system equipped with graphite-monochromated Mo Kα radiation (0.71073 Å). A nitrogen-flow Oxford Cryostream-700 was used to control the temperature. Data collections were carried out in the order 100, 150, 200, 250, and 300 K on the same crystal. Data reduction and cell refinement were performed using SAINT and the APEX3 suite (Bruker, 2016) . The structure was solved with SHELXT (Sheldrick, 2015a) and an absorption correction was performed with SADABS (Sheldrick, 1999) . Structure refinements against F 2 were carried out using the SHELXL refinement package in APEX3 (Bruker, 2016) . The apparent space group for the structure at all five temperatures was suggested to be orthorhombic Pca2 1 by XPREP, which differs from that previously described (i.e. monoclinic, P2/c (Krebs, 1970) . The refinement yielded R factors varying from 0.0345 at 100 K to 0.0534 at 300 K.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq Zr1 0.4239 (2) 0.3354 (2) 0.5000 (3) 0.0356 (5) Cl1 0.5702 (8) 0.1380 (7) 0.6280 (4) 0.0515 (15) Cl2 0.0942 (7) 0.3905 (7) 0.6127 (4) 0.0391 (12) Cl3 0.2829 (9) 0.1339 (7) 0.3731 (5) 0.0536 (14) Cl4 0.7504 (7) 0.3930 (6) 0.3853 (4) 0.0407 (12) Atomic displacement parameters (Å 2 ) Geometric parameters (Å, º) 
